Abstract: Low dissolved O 2 , or hypoxia, is becoming increasingly prevalent in aquatic habitats and is considered to be stressful for aerobic organisms. However, hypoxia also can be beneficial by decreasing cellular stress, particularly that related to free radicals. Therefore, an animal's ideal habitat may have the minimum O 2 necessary to sustain aerobic metabolism, with excess O 2 increasing the need to scavenge free radicals and repair free radical damage. Here we show that a natural population of small (<9 mm shell length) freshwater clams (genus Sphaerium Scopoli, 1777) lives along a dissolved O2 gradient from extreme hypoxia to moderate hypoxia. We tested the hypothesis that clams living in extreme hypoxia would have higher reproductive success than clams that live in moderate hypoxia. Clam abundance was highest in water with very low dissolved O2, conditions previously demonstrated to decrease cellular stress. The internally brooding clams reproduced year-round and had higher reproductive output in extreme hypoxia than in moderate hypoxia. The findings demonstrate that the apparent cellular-level benefits of hypoxia may translate into increased fitness, especially for small organisms.
Introduction
The quality of aquatic habitats is often linked to dissolved O 2 (DO) levels, with air-saturated, or normoxic, conditions considered optimal. Low DO (hypoxia) is considered a stressor, which animals can avoid behaviorally or tolerate by decreasing activity, increasing O 2 uptake capacity, and (or) using anaerobic metabolism (for review see Grieshaber et al. 1994; Diaz and Rosenberg 1995; Hochachka and Somero 2002) . Hypoxia occurs naturally in many habitats and is becoming more prevalent globally as water temperatures and eutrophication increase (Vaquer-Sunyer and Duarte 2008; Levin et al. 2009; Keeling et al. 2010) . Interestingly, some studies have suggested that hypoxia may be beneficial. The high prevalence of small organisms in hypoxic habitats (e.g., Levin et al. 2009 ) suggests that hypoxia may be less stressful for organisms with surface area to volume ratios that are adequate for O 2 diffusion. Additionally, normoxia decreased human cell life span in vitro (Packer and Fuehr 1977; Saito et al. 1995) and the microscopic nematode Caenorhabditis elegans preferred moderate hypoxia, possibly to minimize cellular damage (Gray et al. 2004 ). Therefore, it is possible that the optimal environment should have only sufficient O 2 to sustain aerobic metabolism, with excess O 2 increasing the need to prevent or repair cellular damage.
The conventional definition of hypoxia in aquatic habitats is 2 mg/L; however, a recent meta-analysis demonstrated that this designation may be too high for some organisms, particularly bivalves (Vaquer-Sunyer and Duarte 2008) . Bivalves employ behavioral, ventilatory, and circulatory strategies to regulate dissolved O 2 transport (for review see Grieshaber et al. 1994) , which typically are documented as responses to hypoxia that maximize O 2 delivery or decrease metabolic demands. Small clams from the superfamily Corbiculacea (corbiculids and sphaeriids) live in most types of aquatic habitats and are particularly resistant to hypoxia (for general review of this superfamily see Mackie 2007) . Since sphaeriids are ovoviviparous (internal brooders; Mackie et al. 1974 ) and release shelled juveniles rather than releasing their gametes by broadcast spawning, they tend to remain within the sediment in local microhabitats, which means that all life stages could potentially be faced with hypoxic conditions (Mackie 2007) . Some sphaeriids can simultaneously contain broods at multiple stages, ranging in size from shelled larvae (>1 mm) to embryos of less than 0.3 mm (Meier-Brook 1977) . They are therefore a good system in which to evaluate whether populations of small organisms can thrive in hypoxia.
We explored this idea in a papyrus swamp-stream system in western Uganda. This equatorial system has a relatively stable DO gradient, from normoxia (~8 mg/L) at tributary stream sources to very hypoxic swamp water (<2 mg/L; Chapman et al. 2000) . A population of a small ''fingernail'' clam (genus Sphaerium Scopoli, 1777) is distributed along this transect. According to our previous broad-scale survey of this system (Chapman et al. 2004 ) and a fine-scale survey conducted during a summer dry season (Joyner-Matos et al. 2007) , clams are more abundant and have less cellular stress in the hypoxic swamp than in streams and are absent from stream sites where DO levels generally exceed 5 mg/L. The edge of the population's distribution occurs in sites where DO levels are approximately 60% of normoxic, which typically would be considered ''moderate hypoxia''. Since sphaeriids are ovoviviparous, fitness can be estimated by measuring adult abundance and the number of young in the brood (Meier-Brook 1977; Kilgour and Mackie 1990 ). In the current study, we monitored clam abundance and reproduction for 18 months to test the hypothesis that clam fitness is inversely related to DO availability. We predicted that clams from the extremely hypoxic swamp would have higher reproductive success (larger brood sizes and (or) greater proportion of adults brooding at any time) than would clams from the moderately hypoxic sites. This predicted pattern would correlate with our previous characterization of cellular stress levels in this population and would lend further support to the hypothesis that hypoxia is not stressful for small organisms.
Materials and methods
The study was conducted in a swamp-river system in Kibale National Park in western Uganda. The Rwembaita Swamp is a large papyrus (Cyperus papyrus L.) swamp with high rates of organic decomposition and hypercapnic (elevated dissolved CO 2 ) and hypoxic water (Chapman et al. 2000 . Tributary streams that have intermediate levels of DO feed into the swamp, forming ecotonal gradients of decreasing DO levels. The substrate in these gradients is consistently characterized as mud mixed with decaying vegetation at all sites; previous characterizations found no clams on the substrate surface (Osborne et al. 2001; Joyner-Matos et al. 2007 ). Twice monthly for 18 months (June 2008 -February 2010), we measured DO, temperature, water depth, and water current (ranked scale from 0 = no current to 3 = high) at four sites along a tributary stream (Inlet Stream West) using methods and sites described previously (Joyner-Matos et al. 2007 ). Readings were taken in duplicate between 0900 and 1300. The ''interior'' swamp site served as our reference site because it was approximately 500 m downstream from the tributary stream input and over multiple years had low DO and a stable population of clams (Chapman et al. 2004 ). The ''margin'' site was a swamp site (papyrus canopy) approximately 40-50 m from the ''ecotone''site. The ''ecotone'' site, within Inlet Stream West, had papyrus and other emergent vegetation mixed with forest understory vegetation, and previously had comparable clam densities to the swamp but higher DO associated with stream input. The ''stream'' site was approximately 60 m upstream of the ecotone edge site, had higher DO, and a closed tree canopy; this site was the extreme edge of the distribution of the clam population in our previous study (Joyner-Matos et al. 2007) .
Clam abundance, estimated by catch per unit effort (CPUE), was the total number of clams found in duplicate scoop net samples of the substrate (Joyner-Matos et al. 2007) . Clams estimated to be 6 mm in shell length were presumed to be adults (e.g., Dussart 1979) and were preserved in ethanol. Size was determined for ethanol-preserved clams and their shelled larvae (if present) from the first 12 months; shell height (only adults) was measured from umbo to ventral margin and shell length from anterior to posterior margin (Kilgour and Mackie 1990) . Clams were considered to be brooding if shelled larvae were present (Kilgour and Mackie 1990) .
All of the data sets failed the homogeneity of variance assumption and were therefore analyzed with nonparametric tests. We assessed relationships among limnological variables and between brooding patterns and limnology with Spearman rank order correlations (r S ). Limnology, clam abundances, and proportion brooding at the four sites were compared with Friedman ANOVA (nonparametric repeatedmeasures ANOVA) followed by Wilcoxon matched pairs test with Bonferroni corrections. Brood sizes were pooled within site and then compared across sites using KruskalWallis ANOVA. We used quantile regression to analyze the relationship between CPUE and DO (Cade et al. 1999; Cade and Noon 2003) using the model y = b 0 + b 1 x, where y is CPUE and x is DO level. The quantile regression was conducted in SAS version 9.2 (SAS Institute Inc., Cary, North Carolina, USA); other analyses were done in Statistica version 7 (StatSoft Inc., Tulsa, Oklahoma, USA). We used the c 2 contingency table analysis from the program CHIRXC.EXE (Zaykin and Pudovkin 1993) with 1000 permutations of a Monte Carlo simulation to test whether the size-frequency distributions of adult clams and larvae differed among sites.
Results
Over the 18 months of the study, DO was negatively related to temperature (n = 139, r S = -0.331, p < 0.05; data for the 12 months correlating to dissections are summarized in Table 1 ) and positively related to current (n = 139, r S = 0.354, p < 0.05) and depth (n = 139, r S = 0.203, p < 0.05). DO levels were similar in the swamp interior and margin (p = 0.39; Fig. 1a ) and increased in the ecotone and stream (p 0.00004). Clam abundance (CPUE) was high and variable in the swamp sites, with CPUE higher in the margin than in the interior on 24 of the 37 samplings; CPUE was lower in the ecotone and the stream than in the swamp (all pairwise comparisons across the four sites, p 0.0023; Fig. 1b) . CPUE was most strongly related to DO (n = 139; DO, r S = -0.674; temperature, r S = 0.292; current, r S = -0.312; depth, r S = -0.283; all p < 0.05). 2 CPUE decreased as DO level increased (Figs. 1c, 1d) ; intercept and slope estimates of the regressions were significant from the 15th to the 95th quantiles (p < 0.0001).
Clams from the interior and margin brooded year-round, based on samples dissected for the first 12 months of the study. In the swamp sites, the proportion of dissected clams that were brooding did not fall below 0.4 in any one collection (Fig. 2a) . 3 The proportion of brooding clams per collec- 2 The relationships between CPUE and temperature, current, and depth are presented in supplementary Fig. S1 , which is available with the article through the journal Web site (http://cjz.nrc.ca). 3 Also for details for each month see supplementary Table S1 , which is available with the article through the journal Web site (http://cjz.nrc. ca).
tion was lower and more variable in the ecotone, with one month's collection (April 2009) having no brooding adults. Adults were found at the stream site on only seven occasions; one of these seven collections had no brooding clams, the rest had proportions brooding ranging from 0.67 to 1.0. The proportion brooding did not differ across sites (p = 0.652) unless the stream site was removed from the analysis (p = 0.023; interior higher than ecotone, p = 0.009). The proportion of clams that were brooding did not correlate with limnology or with CPUE (n = 70, p > 0.05). We did not observe multiple brooding stages in the collected clams, but we did not exhaustively search for embryos, because the number of shelled larvae is an accurate measure of reproductive output (Meier-Brook 1977; Kilgour and Mackie 1990) . Brood sizes were larger in clams from the interior than in clams from the margin (p = 0.008) and ecotone (p = 0.046) sites, but not the stream site (p > 0.35; Fig. 2b ). Pooled across site and time (n = 70 for relationships between brood size and limnology and CPUE), brood size was positively correlated with temperature (r = 0.242, p < 0.05) 4 and CPUE (r S = 0.423, p < 0.05) and was negatively correlated with DO (r S = -0.362, p < 0.05) and current (r S = -0.323, p < 0.05). Brood size also was positively correlated with individual adult shell length (n = 570, r S = 0.216, p < 0.05).
Adult clams from the swamp interior had larger shell heights than clams from the margin site (p < 0.0001) and longer shells than clams from the margin or ecotone sites (p 0.0001; Table 2 ). Larval lengths did not differ by site. Because variance in shell length is responsible for most of the variance in overall size in sphaeriids (Kilgour and Mackie 1990 ), we analyzed size-frequency distributions using shell length. Because there were no apparent seasonal patterns in the size-frequency distributions of adults or larvae, 5 the number of clams in each size class was pooled across collection time prior to the statistical analysis. Sizefrequency distributions differed significantly across sites when analyzed with all clams included (c 2 = 142.03, p < 0.001; Fig. 3 ) and when analyzed separately for adults (c 2 = 150.69, p < 0.001) and larvae (c 2 = 44.42, p < 0.001). The swamp sites tended to have greater proportions of adult clams in the larger size classes. Although the sizefrequency distributions of larvae were significantly different, there were no obvious patterns in the distributions among the size classes among the four sites.
Discussion
Sphaeriid clams occur in virtually every type of freshwater habitat. They exhibit broad ranges of phenotypic plasticity, particularly with respect to hypoxia tolerance (for review see Mackie 2007) . The clams in the swamp-stream system studied here are the only population known to spend their entire life cycle in extreme hypoxia. These clams continuously produce shelled larvae, even when DO falls below levels that slow or halt brood development in other species (for review see Mackie 2007) , with the exception of the Herrington fingernail clam (Sphaerium occidentale (J. Lewis, 1856)), which can develop broods while estivating (McKee and Mackie 1981) . Other continuously brooding sphaeriids live in substantially higher DO levels (5.8-9.8 mg/L; Kilgour and Mackie 1991) or have brooding patterns that are independent of DO (Dussart 1979) . The continuous brooding and high reproductive output of clams in the papyrus swamp are particularly impressive because DO tends to stay below the median lethal concentrations for bivalves (Vaquer-Sunyer and Duarte 2008) .
The stream site is the extreme edge of the population's distribution and has the highest DO of any site with clams, approximately 60% of normoxic levels for this system. Although the ''elevated'' DO levels in the stream (in comparison with the swamp) would typically be interpreted as beneficial, we previously found that the clams in the stream exhibited severe cellular stress (Joyner-Matos et al. 2007 ). Unfortunately, sample sizes in the current study were too low to determine whether this stress correlates with reduced fitness in the same way that emersion stress led to trade-offs between stress resistance and reproduction in an intertidal mussel (Petes et al. 2008) . Brood sizes in the stream were highly variable and did not follow the overall pattern of declining with CPUE. Inconsistency in abundance and fitness patterns at the distribution edge is not unexpected; this phenomenon contributes to the uncertainty concerning the abundant center distribution hypothesis (for review see Gaston 2009 ). Reduced abundance and increased stress can be detected at range edges, especially in aquatic habitats with environmental gradients. However, the pattern is by no means consistent, even when the same stress marker is measured in similar organisms (heat-shock protein 70: Sorte and Hofmann 2004; Sagarin and Somero 2006). Whether fitness correlates with stress also is inconsistent, as exemplified by conflicting relationships between cellular stress and fitnessrelated traits in two species of intertidal seaweed when sampled across their distributions (Pearson et al. 2009 ).
Although we did detect differences in abundance and reproductive success along the entire swamp-stream transect, our interpretations of these patterns are weakened by low sample sizes at the distribution edge, as in a recent study of coastal dune perennials (Samis and Eckert 2007) . We have confirmed that the patterns in limnology, clam abundances, and clam sizes along this transect that were documented in our dry-season study (Joyner-Matos et al. 2007 ) are representative of year-round patterns. The strengths of the correlations among limnological variables and between clam abundances and limnological variables ranged from r S = 0.203 to r S = -0.674; these coefficients are consistent with studies of freshwater clams and their habitats (Dussart 1979; Kilgour and Mackie 1991; Chapman et al. 2000 Chapman et al. , 2004 Smith et al. 2003; Gray et al. 2005; Heino and Muotka 2006) , and indicate that there are as-yet unmeasured variables influencing limnology and clam abundance. Clam abundance was most strongly (and negatively) Note: Data are means ± SD, averaged across the 12-month collection at each site. n is the sample size of dissected clams or shelled larvae. Fig. 3 . Size-frequency distributions of adults and shelled larvae of fingernail clams (Sphaerium sp.) across the four sites. Data are presented as the total number of adult clams (shaded bars) or shelled larvae in brood pouches (solid bars) per size class (mm), pooled across the 12-month collection.
related to DO and clams from the extremely hypoxic sites tended to be larger and have larger brood sizes than those from upstream sites. Although the proportion brooding was independent of limnological variables and CPUE, brood sizes tended to follow the expected patterns, being positively related to abundance, adult size (Holopainen and Hanski 1986; Guralnick 2004) , and water temperature (Holopainen and Hanski 1986) , and negatively related to current (for review see Mackie 2007) . It is unclear whether differences in current could influence dispersal of clams, particularly the dispersal of small larvae from the (relatively) high flow ecotone site to the hypoxic swamp. Clams have not been found on the substrate surface in this system (Osborne et al. 2001; Joyner-Matos et al. 2007) , as is expected for corbiculids and sphaeriids (for review see Mackie 2007) . Fingernail clams are considered to be relatively inactive, especially in hypoxic conditions (e.g., Holopainen and Penttinen 1993) ; locomotion has been documented in only one species (European fingernail clam, Sphaerium corneum (L., 1758)) (Wu and Trueman 1984) . Dispersal of sphaeriids tends to be strongly influenced by substrate type (which did not vary markedly along our transect) and not by water current (Gale 1971 (Gale , 1973 .
Brooding appeared to occur continuously in the two swamp sites, as has been previously documented for S. corneum (Dussart 1979) . Continuous brooding also may have occurred in the ecotone, particularly if the one month (April 2009) that had zero brooding clams was a result of low adult sample size (five adults dissected). We were not able to identify distinct cohorts in the swamp sites or in the ecotone. Whether brooding occurred continuously or whether there were discrete cohorts in the stream site cannot be assessed given the low adult sample size. Because brooding did occur in all four sites, all clams had sufficient DO to meet the metabolic demands of ovovivipary. Although this may seem surprising given the extreme hypoxia in these sites, it is possible that ovovivipary does not strongly affect whole-organism O 2 demand, as was suggested for the North American sphaeriid that broods while estivating (McKee and Mackie 1981) . When the stream site was removed from the analysis, the proportion brooding was significantly lower in the ecotone, perhaps indicating that elevating DO above swamp levels constitutes a physiological stress for these small clams that correlates with negative impacts on reproduction. In addition to DO, fluctuations in brood size in sphaeriids have been attributed to resource limitation (Holopainen and Hanski 1986; Beekey and Karlson 2003) . Although deposit feeding provides approximately 75% of the energy budget of some sphaeriids (e.g., Hornbach et al. 1984) , substantial filter-feeding has been documented in this population (L.J. Chapman, unpublished data). Given that organic carbon availability is high in this system (Osborne 2000) and that brood sizes of clams from the stream were indistinguishable from clams from the swamp, resource limitation may not have a substantial effect on clam reproduction in this system.
The only metazoans known to live in complete anoxia for their entire life cycle are three deep-sea loriciferans (Danovaro et al. 2010) ; it is unlikely that the sphaeriids have adopted the radically altered biochemistry of the loriciferans. It remains to be determined whether the clams can maintain aerobic metabolism in the sustained, extreme hypoxia or mix aerobic and anaerobic strategies (Mackie 2007) . Additionally, controlled, multiple-generation laboratory experiments with clams from the swamp and stream sites would allow us to characterize lifetime reproductive output (which may not correlate with single clutch brood size, as discussed in Guralnick 2004 ) and test whether variation in fitness is caused by environmental characteristics and (or) possible genetic differences among sites. Nonetheless, it appears that extremely low DO is sufficient to maintain reproductive activity and high abundance, particularly in those sites in which clams appear to have less cellular stress (Joyner-Matos et al. 2007) . The cellular-level effects implicated in our previous study (Joyner-Matos et al. 2007 ) and in those demonstrating organismal preference for or increased cellular survival in hypoxia (Packer and Fuehr 1977; Saito et al. 1995; Gray et al. 2004 ) are related to free radicals, reactive molecules with unpaired electrons that can damage cellular macromolecules. Most free radical damage associated with hypoxia occurs after the return to normoxia (Li and Jackson 2002) ; as reoxygenation cycles do not occur in this system, the increased reproductive success of clams living in the hypoxic swamp may indicate a benefit of minimized free radical stress.
